The mammalian c-kit receptor tyrosine kinase gene is required during embryogenesis for the survival and/or proliferation of three migrating stem cell populations: primordial germ cells, haematopoietic stem cells and neural crest-derived melanoblasts. We have cloned a Xenopus gene, XKrkl, whose closest relative is c-kit. Differences in the expression pattern suggest that XKrkl is not the Xenoplls homologue of c-kit; however, it is expressed in a migrating stem cell population, the precursor cells for the mechanosensory lateral line system. XKrkl is the first reported marker for lateral line stem cells.
Intruduction
The proto-oncogene c-kit which encodes a receptor tyrosine kinase of the PDGF receptor subfamily (see Fantl et al., 1993 ) is allelic to the mouse Dominant White Spotting (w) locus (Chabot et al., 1988; Geissler et al., 1988) . The gene encoding the ligand for c-Kit is allelic to the murine Steel (Sl) locus. Here termed Kit Ligand (KL), the ligand is also known as stem cell factor, mast cell growth factor and Steel factor (see Witte, 1990 ). Mutations at both the W and Sf loci give the same phenotype, which in severe alleles included sterility, lack of hair pigmentation, anaemia and mast cell deficiency (Silvers, 1979) . KL acts as a survival factor and/or comitogen for three c-kit-expressing stem cell populations: primordial germ cells (PGCs), neural crest-derived melanoblasts and haematopoietic stem cells (for recent reviews see Besmer et al., 1993; Fleischman, 1993; Morrison-Graham and Takahashi, 1993) . PGCs, melanoblasts and possibly haematopoietic stem cells (Moore and Metcalf, 1970) undergo extensive migration during mammalian embryogenesis, and KL is expressed along their migration pathways and at their respective target sites (Matsui et al., 1990) . In the absence of c-kit or KL, these stem cell populations die or fail to proliferate during their migration, giving rise to the phenotype described above.
In later development, c-kit has a diverse array of functions in the haematopoietic, germ-line and melanocytic lineages. For example, KL acts as a survival factor, mitogen and maturation factor for immature mast cells (Mekori et al., 1993; Williams et al., 1990; Nocka et al., 1990; Zsebo et al., 1990; Tsai et al., 1991) , while for mature mast cells, it is mitogenic, directly stimulates serotonin secretion, modulates IgE-dependent serotonin secretion and, in its membrane-bound form, mediates attachment to fibroblasts (Tsai et al., 1991; Coleman et al., 1993; Adachi et al., 1992) . In the post-natal female germ-line, c-kit is required for oocyte growth (Packer et al., 1994) ; while in males, KL acts as a mitogen for type 092%4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00 338-N A spermatogonia and mediates germ cell attachment to 1993; Blume-Jensen et al., 1991) and promotes neurite Sertoli cells (Yoshinaga et al., 1991; Rossi et al., 1993;  outgrowth in a c-kit-expressing subset of dorsal root Marziali et al., 1993) . Additional roles for c-kit have ganglion neurons (Hirata et al., 1993) . Recent studies been demonstrated for other cell types in vitro. For exprovide some insight into how the KL signal may be inample, KL stimulates chemotaxis of small cell lung terpreted in such different ways: for example, inhibition cancer cells and c-kit transfected cells (Sekido et al., of protein kinase C in c-kit-transfected cells abolishes Fig. 1 . Nucleotide sequence and predicted amino acid sequence of XKrkl. Italicised nucleotides at the start and end of the sequence are adaptor sequences from the library. The putative signal sequence and the transmembrane domain are overlined, as are potential N-glycosylation sites in the extracellular domain. Cysteine residues in the extracellular domain are double-overlined. The potential ATP-binding site in the C-terminal kinase domain is indicated by + symbols over Gsst, G586 and G 589 and an asterisk (*) over K6t'. The potential tyrosine autophosphorylation site at Yso7 is marked with a a symbol. The kinase insert is delineated by square brackets [I, and the consensus sites for the binding of phosphatidylinositol 3' kinase within the insert are marked with A symbols. the chemotactic response to KL but enhances the mitogenie response (Blume-Jensen et al., 1993) .
During mouse development, c-kit and its ligand are expressed in a complementary fashion in some tissues which are apparently unaffected in W or Si mice, for example in the nervous system (Motro et al., 1991) . This apparent lack of phenotype may reflect subtle abnormalities which have yet to be detected (a defect in autonomic gut contraction in W mice has only recently been described [Maeda et al., 19921) . Alternatively the c- 
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Results
Cloning and sequence of XKrkl
Degenerate primers designed against the human c-kit sequence were used to generate a 789-basepair (bp) PCR fragment from Xenopus oocyte total RNA. We used this PCR fragment to screen a stage 40-45 Xenopus cDNA library. Fig. 1 shows the nucleotide and deduced amino acid sequence of the resultant 3.85-kilobase (kb) clone. This encodes a 954amino acid protein with a calculated M, of approximately 107 000. There is a lPamino-acid (aa) signal sequence at the amino-terminus (von Heijne, 1983) , a putative hydrophobic transmembrane domain (aa 509-532), and a tyrosine kinase domain split by a 75-aa hydrophilic insert (aa 674-748) characteristic of the PDGF receptor subfamily of RTKs. The clone includes 57 bp of 5' untranslated region (UTR) and 922 bp of 3 ' UTR without a polyadenylation signal, suggesting the clone is not full-length.
The most closely-related sequences to the mature protein in the Swissprot database are the avian (see Sasaki et al., 1993) and mammalian c-Kit proteins (62% overall amino acid identity with chick c-Kit; 58% identity with mouse c-Kit; for comparison, mouse and chick c-Kit share 66% identity). There is only 36.5% identity overall with the Xenopus a-PDGF receptor, which is in the same RTK subfamily. For cross-species comparison, the Xenopus a-PDGF receptor shares 74% amino acid identity with the mouse ar-PDGF receptor. Fig. 2 shows an alignment of the Xenopus protein sequence with those of the murine and chick c-Kit proteins.
The mature extracellular domain of the Xenopus protein (39% identical to that of mouse c-Kit) contains 12 conserved cysteine residues, two of which (C14' and Cl'*) are unique to c-Kit within the PDGF receptor subfamily (Qiu et al., 1988) . The cytoplasmic domain is overall 78.5% identical to that of mouse c-kir. The kinase insert, characteristic of the PDGF receptor subfamily and known in c-kit to contain the binding site for phosphatidylinositol 3' kinase (Lev et al., 1992) , shares 60% and 58% identity respectively with the murine and chick c-Kit kinase inserts, while it is not conserved with that of the Xenopus PDGF receptor (23% identity). For comparison, the kinase inserts of mouse and chick c-Kit share 64% identity.
The Xenopus clone is clearly more closely related to ckit than to any other member of the PDGF receptor subfamily; however, differences in its expression pattern (see below) suggest that it is unlikely to be the homologue of mammalian c-kit. We have therefore named the clone Xenopus Kit-related kinase 1 (XKrkl). XKrkl 28s rRNA 18s rRNA EF-la Embryos were staged according to Nieuwkoop and Faber (1967) . EFla was used as a loading control. Four embryos' worth of RNA was loaded per lane; blot was exposed to film for 7 days (XKrkl) or 2 h (EF-1~). Fig. 3 shows a Northern blot of RNA from whole embryos at different stages of embryogenesis, using a probe corresponding to the first 411 amino acids of the extracellular domain, A single large transcript (approximately 7 kb) is detected. Further analysis was undertaken using the more sensitive technique of RNase protection, where the 123-bp protected band corresponds to the region encoding amino acids 372-411. XKrkl is expressed during oocyte stages I-VI and in unfertilised eggs (Fig. 4a) . During embryogenesis, maternal XKrkl transcript levels are very low through cleavage and blastula stages; zygotic transcripts are first detected in the early gastrula, at stage 10 (Fig. 4b) . Transcript levels then increase through tailbud and tadpole stages. Comparison with the levels of a control cytokeratin message shows that XKrkl is considerably less abundant at all stages ( Fig. 4a and b Kobel and DuPasquier, 1986) or a different gene. This transcript has a different temporal expression pattern to XKrkl. It is at high levels in early oocytes and then declines steeply (Fig. 4a) . Zygotic expression begins abruptly at stage 12 and thereafter declines, and at all stages is at much lower levels than the fully protected XKrkl band (Fig. 4b) . Only one band is detected on Northern blots (Fig. 3) suggesting that the two transcripts may be of similar size.
Temporal expression pattern of XKrkl during embryogenesis
Spatial expression pattern of XKrkl during embryogenesis
RNase protection analysis of stage 18119 neurula dissections shows some XKrkl expression in all tissues examined except the notochord (Fig. 5) . Comparison of XKrkl levels with those of the cytokeratin loading control show that there is relatively more expression in the epidermis than in other tissues (Fig. 5) . Whole mount in situ hybridisation at this stage was not sensitive enough to pick up specific expression. With this technique, using a probe over the region encoding the first 411 amino Dumont (1972) . CK, cytokeratin control for RNA integrity. The specific activity of this probe was titrated down to 0.2 times that of the XKrkl probe. Gel exposed to film for 12 days. (b) RNase protection assay of RNA from oocyte stage VI and various embryonic stages (3 oocytes' or embryos' worth per lane). Specific activity of the cytokeratin (CK) control probe for the first four lanes is 0.2 times that of the XKrkl probe; for the last four lanes, it is 0.01 times that of the XKrkl probe. tRNA, control lane. Gel exposed to film for 3 days. acids of the extracellular domain, we first detect specific expression at tailbud stages. We obtain the same pattern of expression using a probe from the 3 ' UTR, so it is unlikely that the partially-protected band seen on RNase protections contributes to the in situ staining pattern unless it is expressed in the same cells. The in situ staining pattern is described in the following sections.
XKrkl is expressed in migrating stem cells of the lateral line system
At stage 31J32, XKrkl expression is seen by wholemount in situ hybridisation at the surface of the embryo in a line directly ventral to the posterior edge of the optic cup (Fig. 6a) . At stage 33J34, two short XKrkZ-positive lines of cells are seen running ventrally from the anterior edge of the otic vesicle (Fig. 6b) . At stage 35J6, there seems to be staining in cells near the cement gland and in a patch of cells located posterior to the gill arches (Fig. 6d) . In section, the positive cells are just beneath or within the inner layer of the epidermis (Fig. 60 . At stage 37J38, this patch has elongated to form a ribbon of positive cells on either side of the embryo (Fig. 6g) . A shorter line is seen dorsal to the long ribbon at its anterior end (seen more clearly in Fig. 6h) . At stage 40, there is a second line running caudally along the flank of the embryo, starting in the region of the pronephros (not shown). By stage 42, all these lines have extended further and a line runs ventro-caudally around the anus (Fig. 6i) .
The temporal and spatial appearance of these XKrklexpressing cells show a close correlation with the migrating stem cells of the mechanosensory lateral line system (see Winklbauer, 1989) . The XKrkZ-expressing primordia which we can identify with relative assurance include those for the infra-orbital line which runs ventral to the eye, the dorsal and middle trunk lines which originate posterior to the otic vesicle and extend dorsally and caudally, and the ventral trunk line which is found ventral to the pronephros and extends to the anus. As each primordium migrates, it leaves behind groups of cells at its trailing end, which differentiate to form primary lateral line organs. Differentiated sense organs are not positive for XKrkI (for example, head staining is no longer seen at stage 42 [ Fig. 6i ] when mature lateral line organs are present).
XKrkl expression in relation to c-kit
The lateral line is found only in fish and amphibia. However, if XKrkl is the Xenopus homologue of c-kit, we might also expect to find XKrkZ in those migrating stem cell populations that express c-kit in the mouse. We therefore looked for XKrkl transcripts in primordial germ cells, haematopoietic stem cells and neural crestderived melanoblasts during Xenopus embryogenesis.
Primordial germ cells: At tailbud stages, Xenopus primordial germ cells (PGCs) are found in one or two clusters in the endoderm lateral to the hindgut cavity (Kamimura et al., 1976) . At stage 26, a small cluster of XKrkl-positive cells is seen in whole-mount surrounding the posterior hind gut where it curves ventrally (Fig. 7a) . Similar clusters are seen in later embryos ( Fig.  7b and c) . In transverse section at stage 29/30, positive cells are found in the endoderm ventral and lateral to the hindgut cavity (Fig. 7d) . This small cluster of cells associated with the hindgut at tailbud and tadpole stages is reminiscent of PGCs at these stages. However, at stage 44, when PGCs are easily identified as they migrate up the dorsal mesentery to the forming genital ridges, no convincing XKrkl staining is seen in PGCs (not shown).
XKrkl-
Haematopoietic stem cells: Two haematopoietic stem cell (HSC) compartments exist in Xenopus at tailbud stages, one in ventral mesoderm (the ventral blood island or VBI) and the other in dorsal lateral plate mesoderm (the dorsal stem cell compartment or DSC; Turpen et al., 1981; Kau and Turpen, 1983; Ma&to et al., 1985a,b) . No XKrkl expression is seen in the VBI, which develops from around stage 22, and where expression of Xenopus GATA-2 is seen strongly at stage 2516 and earlier (Walmsley et al., 1994) . However, there is XKrkl expression in clusters of cells in the dorsal lateral mesoderm from tailbud stages. At stage 29130, in sections just posterior to the head, XKrkl-positive cells are seen in the lateral mesoderm at the level of the gut (not shown). By stage 31/32, XKrkl-staining cells in a similar position are visible on the surface of whole-mount embryos (Fig. 7e) , arranged in clusters ventral to the somites. In section at stage 33134, XKrkl-positive cells are seen in the mesoderm just beneath the epidermis (Fig. 7h) . By stage 35/36, the clusters ventral to the myotomes have adopted a shallow U-shaped pattern ( Fig. 7j and k) . In section, they can be seen ventral to the pronephric ducts (Fig. 7i) . By stage 42, staining is no longer seen (Fig. 6i) . It is possible that these XKrklpositive cells may represent at least a subset of HSCs in the dorsal compartment; however, it is not currently possible to confirm this because the spatial distribution of HSCs in this location is unknown. 5s rRNA c Fig. 8 . RNase protection assay of RNA from tissues from newly metamorphosed frogs and adult gonads (ovary/testis). tRNA, control lane. Gels exposed for 12 days (froglet tissues) and IO days (ovary/testis). may be seen on the head and flanks from stage 33134 and in section along the ventral neural crest migration pathway (between the neural tube/notochord and the somites; Sadaghiani and Thiebaud, 1987; Collazo et al., 1993) . No XKrkl expression is seen in these cells (e.g. Fig. 7j ).
Spatial expression pattern of XKrkl after metamorphosis
RNase protection analysis on dissected tissues from a post-metamorphic tadpole (stage 60) shows some XKrkl expression in all tissues examined except gall bladder and gonad, with higher levels of expression in gut, kidney, skin and brain (Fig. 8) . Analysis of ovary and testis from adult frogs showed there to be some expression in testis and high expression in ovary (Fig. 8) .
Discussion
Neural crest-derived melanoblasts: Albino/wild-type Here we report the cloning and expression of XKrkZ, crossed embryos have pigmented melanocytes. These a Xenopus gene closely related to mammalian c-kit. The deduced amino acid sequence of XKrkl is overall 58% identical to mouse c-Kit, with 78.5% identity over the cytoplasmic domain including the kinase insert. The insert itself, which is not conserved between different members of the c-Kit subfamily of RTKs, is 58% identical to the mouse kinase insert. The presence of twelve conserved cysteines in the extracellular domain, two of which are unique to c-kit within the PDGF receptor subfamily of RTKs (Qiu et al., 1988) , confirm that this gene is c-kit-related. In tailbud and tadpole stages examined by wholemount in situ hybridisation, XKrkZ expression is highly restricted. One striking aspect of the expression pattern is migrating stem cells of the lateral line system; XKrkl expression in a migratory stem cell population is consistent with c-kit function in migrating stem cells during mouse embryogenesis (primordial germ cells, haematopoietic stem cells and neural crest-derived melanoblasts). However, XKrkZ is not expressed in melanoblasts or in the ventral blood islands (VBI) where one set of haematopoietic stem cells (HSCs) is found (Kau and Turpen, 1983) . There is XKrkZ expression in clusters of cells in the dorsal lateral mesoderm, which may represent HSCs in the dorsal stem cell compartment (DSC). VBI stem cells contribute to larval haematopoiesis, while DSC stem cells contribute mainly to late larval and adult haematopoiesis (Turpen et al., 198 1; Kau and Turpen, 1983; Maeno et al., 1985a,b) . In this respect, it is interesting to note that blocking antibody studies (Ogawa et al., 1993) suggest that c-kit function is essential only for adult-type haematopoiesis in the mouse fetal liver, but not for early haematopoiesis in the yolk sac (the equivalent of the Xenopus VBI, where XKrkl is not expressed).
XKrkl is expressed in a cluster of cells in the endoderm associated with the hindgut at tailbud stages. This is the stage when PGCs are migrating in the hindgut endoderm (Kamimura et al., 1976) . However, XKrkZ transcripts are not found in definitive PGCs at stage 44, when they migrate up the hindgut mesentery. There are no molecular markers for PGCs at tailbud stages; an antibody raised against a cloned Xenopus DEAD box protein stains PGCs in section at stage 43, but not at stage 24 (Komiya et al., 1994) . This antibody (kind gift of Dr. T. Komiya) was used on embryos at stage 29130 but no staining was seen (C. Baker, unpublished data). Whilst it is possible that the XKrklpositive cells in the tailbud hindgut endoderm are PGCs, it is not currently possible to confirm this with independent markers.
To summarise the above, the XKrkl expression pattern during embryogenesis is not consistent with its being the Xenopus homologue of c-kit assuming conservation of c-kit function in PGCs, HSCs and neural crestderived melanoblasts. XKrkl transcripts are not found in melanoblasts or in HSCs in the ventral blood islands, nor is it expressed in PGCs at stages when they are easily identified. However, there is XKrkl expression in cells which may represent PGCs at earlier stages when they are in the hindgut endoderm, and in cells which may represent HSCs in the dorsal lateral mesoderm (in the nephrogenic region). As more markers become available for Xenopus PGCs and for HSCs in the dorsal stem cell compartment, it should be possible to confirm these cells as sites of XKrkl expression. There may, therefore, be some overlap between XKrkl and c-kit expression. Nevertheless, we would suggest that XKrkZ does not represent the Xenopus homologue of c-kit. The partiallyprotected band seen in RNase protections with our XKrkl probe could represent a different, but closelyrelated, gene. In addition, a c-kit-related gene with a different expression pattern has been identified in Xenopus (Kao and Bernstein, in press) .
XKrkl expression may be lacking in characteristic ckit-expressing cell types, but it is expressed in a migratory stem cell population, the precursor cells for the lateral line system. The lateral line is a sensory system found in fish and amphibia, consisting of epidermal mechanoreceptors (neuromasts) arranged in characteristic lines over the head and body of the animal. These detect short-range disturbances in the water, and the information is used by different species in behaviours as diverse as surface feeding, schooling, obstacle avoidance and prey detection (see Coombs et al., 1989 for reviews) . In Xenopus as in other amphibia, both neuromasts and the ganglia which innervate them are derived from ectodermal placodes (epidermal thickenings) in the head. A neural crest contribution to neuromast formation has also recently been reported (Collazo et al., 1994) . Each organ-forming placodal primordium elongates and migrates within the epidermis along a characteristic pathway, depositing a row of small cell groups en route at its trailing end. These differentiate to form the primary lateral line organs (see Winklbauer, 1989 for a review). Some elegant mathematical modelling of cell numbers in the supraorbital line (Winklbauer and Hausen, 1983a,b) has shown that the original placodal cells are definitive stem cells (reviewed by Lewis, 1986) . Our in situ hybridisation results suggest that XKrkl transcripts are associated with these stem cells during their migration.
In conclusion, XKrkl is the first reported molecular marker for migrating lateral line stem cells. The lateral line is an accessible and easily manipulated dynamic system for the study of cell migration, cell division and pattern formation. Discovering the function of XKrkl in these cells will both provide a more molecular insight into the formation of the lateral line in Xenopus and shed light on the evolutionarily-conserved role of c-kitrelated receptor tyrosine kinases in migrating stem cells. Taq polymerase. cDNA from Xenopus stage VI oocytes gave a 789-bp reaction product that was subcloned into an Ml 3mp18 vector cut with XbaIl EcoRI. A 750-bp random-primed EcoRI fragment from this was used to screen approximately 9.6 x lo5 plaques of a Xenopus stage 40-45 directional cDNA library in AZAP (gift of D. DeSimone, Univ. of Virginia) under standard conditions. Four positive clones were isolated; a 3.85-kb clone was rescued into pBlueScript SK-(Stratagene) using Ml3 helper phage R408. This was sequenced fully using the dideoxy chain termination method (USB protocol). The consensus was assembled and edited using the Staden programs (Staden, 1984) . The PILEUP program of the GCG package (Devereux et al., 1984) was used to align amino acid sequences and identities calculated using the GCG BESTFIT program.
Subclone for probe syntheses
Subclone pXKrklEX was prepared by ligating a 1.29-kb EcoRI-SpeI fragment (comprising 57 bp of 5 ' UTR and the first 1234 bp of open reading frame) into pBlueScript Sk+ (Stratagene). This encodes the first 411 amino acids of the XKrkl protein.
RNA extractions
RNA was isolated from defolliculated oocytes and embryos as previously described (Mohun et al., 1984) . RNA from adult tissues was extracted in a similar manner, except that tissues were homogenised in equal volumes of phenol and NETS buffer (300 mM NaCl, 1 mM EDTA, 20 mM Tris pH 7.5, 1% SDS), and RNA was selectively precipitated with 2.5 M LiCl following ethanol precipitation.
Northern analysis
Total RNA from 4 oocytes/embryos was separated on 1.2% agarose-formaldehyde gels and transferred onto GeneScreen membrane (NEN). Blots were probed with the random-primed 1.29-kb EcoRI-Spel insert from pXKrkZEX (Feinberg and Vogelstein, 1983) .
RNase protections
Performed according to Krieg and Melton (1987) . Probes were prepared exactly as described (Krieg and Melton, 1987) , with some control probes (see figs. for details) synthesised at reduced specific activity by including cold UTP proportionately in the synthesis reaction (e.g. for a probe with l/5 activity, 1 ~1 a32-P[UTP] at 800 Ci/mmol, 10 mCi/ml (= 12.5 PM) and 4 ~1 12.5 FM UTP were used in the 10 ~1 reaction). The 170-base antisense XKrkl probe was prepared from pXKrk1 EX by cutting with Hinjl and transcribing with T3 RNA polymerase. This protects a 123-base fragment of XKrkl message that encodes amino acids 372-411. A phosphorimage screen (Molecular Dynamics) was used to detect and quantify the results (using ImageQuant software) before autoradiography.
Whole mount in situ hybridisation
1.29-kb digoxygenin-labelled antisense probes were synthesised using the Ampliscribe T3 transcription kit (Epicentre Technologies) on pXKrk1 EX cut with EcoRI; sense probes were synthesised using the Ampliscribe T7 transcription kit on pXKrklEX cut with SpeI. Embryos were albino or albino/wild-type crosses (albino eggs and wild-type sperm). In situ hybridisation was performed either exactly according to Harland (1991) or with modifications from M. Sargent (pers. comm.) and T. Doniach (ref. 50 in Lamb et al., 1993) , as follows: embryos were fixed for 1 h only in MEMFA; there was no proteinase K treatment after rehydration; acetic anhydride was used at 12.5 ~1 in 1 ml; hybridisation buffer included 5 mM EDTA; washes (all at 60°C) after hybridisation were 50% formamide, 5 x SSC for 10 min; 25% formamide, 2 x SSC for 10 min; 12.5% formamide, 2 x SSC for 10 min; 2 x SSC for 10 min,. 0.2 x SSC for 30 min, then blocked overnight at room temperature in 0.1 M maleic acid (pH 7.5), 0.15 M NaCl with 2% Boehringer Mannheim blocking buffer. Antidigoxygenin antibody (Boehringer Mannheim) was used at 1:2000 in the same solution overnight at 4°C and washed off at room temperature in 0.1 M maleic acid (pH 7.5), 0.15 M NaCl. The alkaline phosphatase colour reaction was allowed to proceed overnight. Embryos were cleared in Murray's clear (2:1 benzyl benzoate: benzyl alcohol) or Tetralin (1,2,3,4_Tetrahydronaph-thalene [Aldrich]). For sectioning, embryos were embedded in PEDS wax (polyethylene glycol 400 distearate, 1% cetyl alcohol). Sections of 16 pm were dewaxed with acetone, rehydrated and mounted directly in aqueous mountant.
